The effect of O6-methylguanine (m6G) on replication, in a partiafly double-stranded defined 25-base oligonucleotide, has been studied under nonlimiting conditions of unmodified dNTPs and over an extended time period, using the Klenow fragment of Escherichia coli DNA polymerase I. The sequence surrounding m6G has flanking cytosines (C-m6G-C), and the initial steady-state kinetics have been reported. When the primer was annealed so that the first base to be replicated was m'G, replication was virtually complete in -5 min, although the reaction appears biphasic. When annealed with a primer where thymine or cytosine is paired opposite template m6G, about half the molecules were replicated in the first 15 sec, and no significant further replication was seen over a 1-hr period. When m6G was dealkylated by DNA-O'-methylguanine-methyltransferase, replication was rapid with no blockage. These data suggest that there can be two (or more) conformations of m'G. In these studies the term syn refers to conformers interfering with base-pairing, whereas anti refers to those aflowing such base-pairing. Previous physical studies by others indicate that syn-and ant-conformers of the methyl group relative to the Ni of guanine are possible. Here molecular modeling/computational studies are described, suggesting that syn-and anti-m6G can be of similar energy in DNA, and, therefore, these two conformers may explain the two types of species observed during in vitro replication. An alternative explanation could be the possibility that the different species may manifest differential interactions of m6G with Klenow fragment. These results may provide a rationale for why m6G lesions in vivo have been reported to be lethal as weDl as mutagenic.
ylating agents (for reviews, see refs. 4 and 5) . However, m6G is also capable of pairing with cytosine, in which case no mutation would result (1) . In addition, there is evidence that m6G is a lethal lesion in eukaryotic and prokaryotic cells (6) (7) (8) (9) (10) (11) (12) . These data raise the question of how this simple modification ofguanine can generate such different biological end points.
Numerous physical studies have been performed on m6G, and two conformations are reported: (i) The methyl group is syn with respect to the Ni-position of guanine, and it points into the helix, disrupting the hydrogen-bonding potential. (ii) The methyl group is anti with respect to the Ni position ofthe purine, and it points into the major groove. Syn-m6G is the favored conformation in small molecules, as determined by x-ray diffraction (13) (14) (15) . In addition, syn-m6G was observed when paired with thymine in duplex DNA in solution determined by NMR (16, 17) . However, anti-m6G was observed when paired with thymine in an x-ray diffraction study (18) of a DNA duplex in crystalline form. Although there appears to be a major difference between these NMR and x-ray studies, molecular modeling/computational studies on m6G indicated that the energy difference between anti-and syn-m6G, when paired with thymine in duplex DNA, is likely to be smalli.e., < 1i kcal/mol (19) . This result suggests that because syn and anti structures for m6G are possible, they may both be encountered in vivo. m6G&C bp have been shown to adopt the syn conformation in duplex DNA in solution (20) , although, in principle, anti is also possible. There is also additional evidence for the existence of m6G'C bp involving trapped protons (18, 21, 22) .
However, to date, there has been no biological evidence to support the existence of such multiple conformations (e.g., anti-vs. syn-m6G, or others). We had found (23), using an in vitro kinetic assay, that m6G preferentially directed incorporation of thymine instead of cytosine in the sequence of Fig.   1 . In the absence of repair, this would result in G -* A transitions. Here we report data on the in vitro replication of the same m6G-containing template, under nonlimiting replication conditions, which suggest that (i) there are multiple species for m6G; and (ii) these species do not readily interconvert, at least in the presence of Klenow fragment (Kf).
MATERIALS AND METHODS Materials. The 5'-C-m6G-C-3' template is 5'-CCGCTCm6-GCGGGTACCGAGCTCGAAT-3'. The control template contains unmodified guanine for m6G. The primers are complementary to these oligonucleotides, as indicated in Fig. 1 . Oligonucleotides were synthesized, deprotected, purified, and characterized as described (1, 23 over 2-3 hr (24) . The primer-template complex (0.5 pmol) was replicated by using 0.5 unit of Kf exo-, which is -100-fold the concentration used for kinetics studies, and 100 ,uM of all four dNTPs. These dNTP concentrations are all well above the reported (1, 23) Km values for m6G-C and m6G-T formation. For the long reaction times (1 hr), an additional 0.5 unit of Kf exo-was added after 30 min to keep similar enzyme activity at short and long times. Kf exoreplication was stopped by adding 2 vol of 20 mM EDTA/ 95% (vol/vol) formamide (24) . Gel electrophoresis, autoradiography, and densitometry were done as described by Singer et al. (1) .
To remove the methyl group of m6G from the primed oligonucleotides, 0.5 unit of MT was added twice to 0.1 pmol ofthe relevant primer/template complex and incubated for 15 min at 37°C in buffer (70 mM Hepes, pH 7.1/1 mM EDTA/1 mM dithiothreitol/5% glycerol). Immediately after dealkylation, Kf exo-and dNTPs were added, and replication was done as before.
Molecular Modeling. Molecular modeling/computational studies were as reported (19) for m6G starting from canonical B-DNA (25) . Sequence context corresponded to that used in the experimental work:
where * = C or T, and for example, when X = C and Y = C, the sequence context is 5'-C-m6G-C-3'. An iterative procedure was used during potential energy minimization, as described (19) . For m6G-C the procedure was similar; structures with trapped protons were not studied, in part because it appears that they are most relevant at below physiological pH values (21) . RESULTS In this work Kf exo-was used to study the replication of m6G or G-containing oligonucleotides in the sequence context 5'-C-m6G-C-3', using three different primers (Fig. 1) . The methodology was similar to that described (1, 23, 24) with one notable exception. Previously, the initial rate kinetics of insertion of a single dNTP opposite m6G used levels of Kf for 1.5 min that did not extend the primer >20%. In the present work, conditions were adjusted so as to measure completion of primer extension. Long reaction times and high concentrations of Kf exo-were used, and the dNTP concentrations were above the Km for incorporation of thymine or cytosine opposite m6G (1, 23) .
Replication ofthe 5'-C-m6G-C-3' Template Annealed with the 18-Mer. The shortest primer ( Fig. 1; 18-mer) annealed to the template produced a template-primer complex where m6G was the first base encountered by Kf exo-during in vitro replication, abbreviated: 5C-M6 ' The position of the 5'CmG-C-3'.Tepstino h 32P-end-labeled primer (18-mer), after denaturing PAGE, is indicated in lane 1 of Fig. 2A , and the primer band decreased with time ( Figs. 2A and 3) , where completed products appear as bands of higher molecular weight near the top of the gel. Under these conditions most (=90%) of the 18-mer band disappeared in <15 min, whereas the remaining fraction decreased more slowly with time. This result is not from the inactivation of Kf, the activity of which declines with time (til2 30 min) because additional Kfexo-was added after 30 min in these experiments. Fig. 2A and Fig. 3 also show that =45% of the 18-mer is extended quickly (<15 sec), whereas =90%6 ofthe primer was eventually extended in 415 min. The disappearance is biphasic and suggests two species that are replicated at two different rates. No evidence for blocking was observed with an analogous template where guanine andu*, 19 -mer/T annealed to form m6G*T terminus. These data are averages of three experiments similar to those of Fig. 2 . Although the GsC terminus (o) extends completely and rapidly as expected (Fig.   2B ), G*T (o) extends rapidly but leaves 40%o unextended primer probably due to incomplete annealing of the GT termiinus. So "90%o extension is likely to represent maximum replication possible also with m6G-containing termini.
replaced m6G because virtually no primer remained after the first 15 sec (Fig. 2B) .
Replication of the 5'-C-meG-C-3' Template Annealed with the 19-Mer/C or l9-Mer/T. To study differences in annealing versus polymerase incorporation of cytosine or thymine opposite m6G in the template, the 5'-C-m6G-C-3', this template was annealed to a 19-mer primer terminating with either thymine or cytosine (Fig. 1) , which gave a DNA molecule having thymine or cytosine opposite the m6G lesion (abbreviated as 5'-C-m6G-eC-3' or 5'mCem6GaCd 3')l For 19-mer/T, 250% of the primerawas extended in 15 sec, which is similar to the results with the 18-mer primer (Fig. 2) . Similar data were obtained with 19-mer/C (Fig. 3) . However, in sharp contrast to the 18-mer primer, little further replication occurred over a 1-hr period (Figs. 2 A and C and 3) . Furthermore, for the 18-mer primer ( Fig. 2A) , bands that correspond to 19-and 20-mers are observed; these are also extended relatively slowly. We do not understand why a 20-mer appears for the 18-mer primer ( Fig. 2A) but not for the 19-mer/T primer (Fig. 2C) .
Replication was also partially blocked (Fig. 3, E) when cytosine was placed opposite m6G (i.e., by annealing 19-mer/C to 5'-C-m6G-C-3' to give 5'C_m6-C-3,). These data were not enzyme-specific because parallel experiments using Taq polymerase at 37°C and 55°C gave similar results (data not shown). In addition, a simple GaT mispair does not show biphasic kinetics or blockage (Fig. 3, *) .
Effect of Enzymatic Demethylation ofmuG on Replication of mcG C and m1GhT Template/Primers. Several explanations for the results in Figs. 2 and 3 were possible, including that the presence of the m6G lesion was not specifically responsible for the inability of Kf exo-to extend the primers. To investigate this possibility, both5u-C-m-tCn3w and20 m6G-C-35 primer/templates were treated with purified MT before adding Kf exo- (Fig. 4) . MT is a protein known to dealkylate m6G to a normal guanine in a double-stranded oligonucleotide (26, 27) . In our experiments, MT treatment of
5m'-C-m6G-C-m63' or '-C-m-C-C-3' primer/templates removed the blockage, presumably caused by the methyl group, and primer extension by Kf exo then was virtually complete (Fig. 4 ). An analogous experiment with the 18-mer primer showed no effect of MT treatment, which may be from the primer/templates (lanes 1 and 2) and 5'-C-m6G-C:3' (lanes 3 and 4) primer/templates. Lanes 5-8 show the corresponding extension of the unmodified control termini, G-C and G-T, with and without MT incubation for 30 min at 37°C. The unmodified template was treated with MT to show that the blocked replication was due only to the methyl group and was not due to sequence or structural effects.
5'-C-m6G-C53' primer/template being a poor substrate for the MT. Fig. 4 Right shows that the 19-mers annealed to a G-containing template replicate normally with or without MT.
Replication of the m6G-C and m6G-T Template/Primer Termini After Successive Cycles ofDenaturation and Renaturation. To investigate whether inhibition with both 19-mer/T and 19-mer/C primers was readily reversible, 5'-C-m6GC-5' and 5'-C-m6GC-53' prmer/templates were treated with Kf exo for 30 min. At this point -35% of the primers were not extended (Fig. 5, lanes 1 and 2) . The samples were then heat-denatured and allowed to reanneal; subsequently more Kf exo-and dNTPs were added (Fig. 5, lanes 3 and 4) . The fraction ofunreplicated primer was decreased to 40%o, which is another decrease of -35% from the previous cycle. The denaturation/renaturation was repeated three times, and each time a similar proportion of the primer was replicated.
DISCUSSION
The results in Figs. 2-5 suggested that two types of species of m6G, which are replicated at different rates, might be possible in DNA. However, before this conclusion can be reached, several alternatives for the results must be considered.
Partially defective primers do not explain why the 5'-Cm C-G35' (Fig. 2A) 5'-C-m6G-C53' (Figs. 2C and 3, *) and
5'-C-m6G-C-3' (Fig. 3, E) primer/templates were not com- 2) , the samples were denatured/reannealed and further replicated as before (lanes 3 and 4) . This cycle of denaturation/annealing and replication was repeated two more times (lanes 5, 6 and 7, 8).
Biochemistry: Dosanjh et al. (1, 23) . Therefore, the high proportion of the blocked replication (-50%) is probably not from a base other than m6G. (ii) Virtually complete replication of 5'-C-m6-C-3G and 5'C T-G-5'5-CmGC3 51-m6G-C-3' was possible after MT treatment (Fig. 4) , yielding further evidence that the blockage was due to m6G.
Previous initial rate kinetic studies, where <20% of a primer was extended in 1.5 min, showed that m6G in various templates is readily replicated by Kf, as well as by other DNA polymerases (1, 23 (29) also suggest that an equilibrium exists between two conformations of anti 06-ethyl G-C pairing in the presence of netropsin.
The multiple denaturing/annealing/replication results (Fig. 5) indicate that such equilibrium appears to be established between the different conformers. The almost complete removal of the replication block after treatment with MT (Fig. 4) (ii) These experimental data could result from two conformations for both m6G-T and m6G-C. Molecular modeling studies on m6G (19) have been done for syn-m6G and antim6G when paired with both thymine and cytosine in the sequence context discussed in this paper, as well as in three other sequences (Table 1) . In each case, the energy differences between the syn-m6G and anti-m6G conformations are computed to be relatively small, and it appears from the data in Table 1 that there may be both anti-and syn-m6G in DNA.
Molecular modeling methods are not sufficiently accurate to infer whether anti-m6G or syn-m6G is likely to be the conformation that is preferentially replicated (19, 30, 31) . However, it can be speculated that because the anti form allows 3'-G * G-51 tSequence context is abbreviated (e.g., 5'-C-m6G-C-3,) as described in Results, where * = C or T. Sequences 5'-A-m6G-T-3' and 5'-T-m6G-T-3' are identical, except in indicated region. Experimental data in this paper were obtained for sequence 1 (Fig. 1) .
tAnti-and syn-m6G were docked opposite thymine or cytosine in fully duplex DNA, and minimization was performed iteratively. Only the lowest energy structures are reported.
standard Watson-Crick base pairing, whereas the syn form is helix distorting (16, 17) , the anti conformer may allow rapid replication, particularly when thymine is inserted by the polymerase.
Irrespective of the presence of two different conformers, replication with the incorporation of either cytosine or thymine opposite m6G appears to occur rapidly with one conformation, whereas blockage occurs with the other conformation. It seems reasonable that this partial blockage may be related to the lethality ascribed to m6G in vivo (6) (7) (8) (9) (10) (11) (12) .
